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1 A 
The dependence of t h e  i n f r a r e d  abso rp t ion  spectrum of carbon monoxide on 
the geometric pa th  l e n g t h ,  pressuxe and temperature  w a s  i n v e s t i g a t e d  exper-  
imen ta l ly ,  The gas  samples were h e a t e d  i n  a high-temperature furnace  whicn 
c o n s i s t s  of a g r a p h i t e  xes i s tance  h e a t e r  w i t h  an i n n e r  ceramic tube f o r  
containment of the t e s t i n g  g a s .  C e r a m i c  and s t a i n l e s s  s tee l  ho lde r s  w i t h  
s apph i re  windows a t  t h e  i n n e r  ends were used t o  conf ine  t h e  pa th  length .  
S p e c t r a l  abso rp t ion  measurements f o r  the  4.67 micron fundamental band 
were perfoxmed f o r  pa th  l eng ths  of 1, 5 ,  10 and 20 cm a t  temperatures  of 
300, 600, 900, 1200 and 1500° K i n  the  p re s su re  range 1/4 t o  3 a t m .  For  
the f i r s t  overtone band, measurements were l i m i t e d  f o r  the 20 c m  pa th  l e n g t h  
and a t  p re s su res  1, 2 and 3 atm f o r  the samk temperature  range a s  the 
fundamental e 
FOP the  fundamental  band, the s p e c t r a l  abso rp t ion  da ta  f o r  t he  10 and 20 
c m  pa th  l eng ths  were c o r r e l a t e d  s u c c e s s f u l l y  by the E l s a s s e r  s t r o n g  l i n e  
approximation f o r  a l l  temperatures.  These c o r r e l a t i o n s  can be used to 
c a l c u l a t e  the s p e c t r a l  absorpt ion e i ther  f o r  pure carbon monoxide o r  for a 
mixture of carbon monoxide and an i n e r t  gas which has  the same broadening 
e f f e c t  a s  carbon monoxide. The i n t e g r a t e d  abso rp t ion  f o r  both the fundamental  
and f i r s t  over tone  bands i s  given i n  t a b u l a r  form a s  .a f u n c t i o n  of tempera ture ,  
p r e s s u r e  and p a t h  length .  A method of c o r r e l a t i n g  the  i n t e g r a t e d  band 
abso rp t ion  is i nd ica t ed  and the r e s u l t s  f o r  900 K is shown. An example of 
u s ing  the  i n t e g r a t e d  band absorpt ion r e s u l t s  i n  c a l c u l a t i n g  the e m i s s i v i t y  
of carbon monoxide is demons t r a  t ed  
0 
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INTRODUCTION 
In f r a red  abso rp t ion  o r  emission of ho t  gases  p l ays  an important  r o l e  i n  
many thermal sys t ems .  Of p a r t i c u l a r  i n t e r e s t  is  the  i n f r a r e d  r a d i a t i v e  f l u x  
e m i t t e d  from rocke t  exhaus t  plumes which causes  s u r f a c e  hea t ing  of the base 
reg ion  of mult i -engine vehic les .  
Theore t i ca l  determinat ion of t h e  i n f r a r e d  s p e c t r a  of gases  has  been 
c a r r i e d  o u t  by many i n v e s t i g a t o r s  [l-31. However, due t o  the  inc reas ing  
complexity of the e x c i t e d  s t a t e s  of gases  a t  h igh  tempera tures ,  the approxi- 
mations involved i n  these c a l c u l a t i o n s  r e q u i r e  experimental  confirmation.  
Consequently,  many experimental  systems have been developed r e c e n t l y  f o r  
i n f r a r e d  measurements of gases  a t  h igh  tempera tu re s .  These can be c l a s s i f i e d  
i n t o  three groups: 1) combustion systems [ 4 , 5 ] ,  2) shock tubes [6,7], 
3) furnaces  [8-111. With furnace systems,  abso rp t ion  measurements of a 
v a r i e t y  of gases  can be made and a more f l e x i b l e  c o n t r o l  of thermodynamic 
and o p t i c a l  cond i t ions  i s  poss ib l e  than those us ing  combustion systems or 
shock tubes  [ll]. 
The p resen t  r e p o r t  p resents  s p e c t r a l  absorp t ion  measurements f o r  carbon 
monoxide fundamental and f i r s t  overtone bands up t o  a temperature  of about 
1500° K. 
of p r a c t i c a l  importance f o r  problems r e l a t e d  t o  t h e  energy exchange of 
carbon monoxide wi th  s o l i d s  and o t h e r  gases .  The appara tus  used i n  the  
present s tudy  has been described i n  d e t a i l  i n  Reference 11. Therefore ,  only 
In  a d d i t i o n  to  being a fundamental i n t e r e s t ,  t h e s e  r e s u l t s  a r e  
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a b r i e f  d e s c r i p t i o n  i s  g iven  here. 
The i n f r a r e d  spectrum of carbon monoxide has  been under i n v e s t i g a t i o n  
f o r  a long t i m e  [12-151. Early s t u d i e s  were concerned w i t h  the  i d e n t i f i c a t i o n  
of t he  c h a r a c t e r i s t i c  f requencies  necessary  f o r  an understanding of molecular  
s t r u c t u r e .  R e l a t i v e l y  few experiments have been conducted t o  determine 
q u a n t i t a t i v e  s p e c t r a l  c h a r a c t e r i s t i c s ,  and these have been a t  room temperature .  
Based on the r e c e n t  development of t h e  t h e o r e t i c a l  models, i n f r a r e d  exper imenta l  
work on carbon monoxide is c l a s s i f i e d  according t o  the  o p t i c a l  reg ion  involved 
i n  t h e  s tudy .  I n  s h o r t ,  these a r e  the o p t i c a l l y  weak and s t r o n g  r eg ions  ( f o r  
d e t a i l s ,  see the s e c t i o n  on c o r r e l a t i o n  of da t a )  When the  gas  is o p t i c a l l y  
weak, the s p e c t r a l  abso rp t ion  a t  any temperature  depends only on the product  
of the p a r t i a l  p re s su re  of the absorbing gas  t i m e s  the  geometr ic  pa th  l eng th .  
S p e c t r a l  measurements i n  t h i s  r eg ion  have been l i m i t e d  t o  room temperature 
[16,17].  
a t  h igh  temperatures  [lS]. These r e s u l t s  a r e  of i n t e r e s t  f o r  comparison 
w i t h  those obtained by consider ing the quantum and s t a t i s t i c a l  a s p e c t s  of 
emit t ing-absorbing molecules.  However, due t o  t he i r  a s s o c i a t i o n  w i t h  smal l  
p a t h  l eng ths  and l a r g e  p re s su res ,  t h e i r  range of a p p l i c a b i l i t y  i n  c a l c u l a t i n g  
t h e  r a d i a t i v e  f l u x  is  q u i t e  l imi ted .  On the o t h e r  hand, f o r  medium and 
l a r g e  p a t h  l e n g t h s ,  s p e c t r a l  data most o f t e n  l i e  i n  the s t r o n g  reg ion .  The 
s p e c t r a l  abso rp t ion  i n  t h i s  region a t  any temperature is a f u n c t i o n  of a 
s i n g l e  parameter:  squa re  r o o t  of t he  product  of t he  e f f e c t i v e  gas  p r e s s u r e  
times the  o p t i c a l  depth  of the g a s  ( i . e .  p a r t i a l  p re s su re  of the absorbing 
Recent ly  t o t a l  band measurements i n  the weak reg ion  were repor t ed  
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gas  times the  geometr ic  pa th  l eng th ) .  Experimental  d a t a  covering t h i s  range 
have been l i m i t e d  t o  room temperature [16,19,20] .  I n  the  t r a n s i t i o n  between 
the  weak and the  s t r o n g  reg ions ,  Davis [21] obtained few s p e c t r a l  da t a  f o r  
t h e  fundamental band a t  h igh  temperatures .  The p r e s e n t  r e p o r t  is devoted t o  
t h e  s tudy  of the i n f r a r e d  spectrum of carbon monoxide i n  a w i d e  range of 
p r e s s u r e s  and pa th  l eng ths  i n  the temperature range 300 t o  1500' K. 
To s tudy  the f u n c t i o n a l  dependence of the s p e c t r a l  and band abso rp t ion  
on p res su re  and p a t h  l eng th  a t  d i f f e r e n t  tempera tures ,  measurements were 
performed f o r  pa th  l eng ths  1, 5 ,  10 and 20 c m  a t  temperatures  of 300, 600, 
900, 1200 and 1500° K i n  the p res su re  range 1/4 t o  3 atm. The 10 and 20 
c m  da t a  were c o r r e l a t e d  i n  terms of a f u n c t i o n  of the  e f f e c t i v e  p re s su re  
t i n e s  the  o p t i c a l  depth  of the gas .  Good c o r r e l a t i o n  of the da ta  was 
achieved w i t h  the  E l s a s s e r  s t rong  l i n e  approximation a t  each temperature .  
Using these band abso rp t ion  values the emiss iv i ty  of t he  gas  can be c a l -  
c u l a t e d .  As an example, the emiss iv i ty  a t  an o p t i c a l  depth of 10 cm-atm 
and a t  a t o t a l  p re s su re  of one atmosphere is  c a l c u l a t e d  a s  a f u n c t i o n  of 
temperature.  Comparison is made w i t h  repor ted  da t a  of o t h e r  i n v e s t i g a t o r s  
[2,22-241. 
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INFRARED SPECTRAL ABSORPTION SYSTEM 
The appara tus  f o r  in f ra red  s p e c t r a l  abso rp t ion  s t u d i e s  i s  shown 
schemat ica l ly  i n  F ig .  1. I t  c o n s i s t s  of :  1) a g loba r  source  wi th  a chopper 
b lade  f o r  a l t e r n a t i n g  t h e  input  t o  the  energy sens ing  element ,  2) a high- 
temperature fu rnace  which inco rpora t e s  a g r a p h i t e  r e s i s t a n c e  hea t ing  element 
surrounding an i n n e r  ceramic tube f o r  containment of high-temperature g a s e s ,  
3) a monochromator, and 4) an a m p l i f i e r  and au tomat ic  recorder .  D e t a i l s  
of cons t ruc t ion  and gas  supply and exhaust  c i r c u i t s  a r e  g iven  i n  Reference 11. 
The t e s t  o p t i c a l  pa th  i s  l i m i t e d  t o  the  c e n t r a l  zone of t he  fu rnace  by 
the  use of window ho lde r s  a t  each end. Hot-pressed z i n c  s e l e n i d e  windows 
were o r i g i n a l l y  employed because t h i s  m a t e r i a l  is  t r anspa ren t  i n  the 1-2Op 
wavelength reg ion  and i n e r t  t o  
I n  o r d e r  t o  keep these windows 
cool  the  holders  i n  which they 
H 0 ,  CO 
below t h i s  l i m i t ,  i t  w a s  necessary t o  water-  
were mounted. 
and CO up t o  a temperature  of 540° F. 2 2 
Data f o r  the fundamental band of CO a t  temperatures  of 300° K and 1800° 
K and a t  p re s su res  from 0.25 t o  3 atmospheres obtained w i t h  t h i s  system 
were repor ted  i n  Reference 11. Although agreement w i t h  e x i s t i n g  r e s u l t s  w a s  
w i th in  15 p e r  c e n t ,  the s u b s t a n t i a l  temperature  v a r i a t i o n  a long  the tes t  
o p t i c a l  pa th  caused by the  water-cooling of t h e  windows made the  comparison 
open t o  ques t ion .  To e l imina te  t h i s  temperature  v a r i a t i o n ,  high- temperature  
window holders  were fab r i ca t ed  and mounted i n  the  fu rnace  a s  shown i n  F ig .  2 .  
Each ho lde r  was made from a high-puri ty  alumina tube  wi th  a s apph i re  window 
10 
brazed i n  one end by using a high-temperature g l a s s  f r i t .  The dev ia t ion  from 
the maximum c e n t e r  temperature is reduced t o  wi th in  80 K when the  c e n t e r  
temperature  is 1200 K.  Data f o r  a given g a s  temperature  r e f e r  t o  the  
geometr ic  mean temperature  along t h e  test s e c t i o n .  
0 
0 
A t  temperature  above 1200° K ,  the  g l a s s  f r i t  used t o  braze  t h e  sapph i re  
windows i n  the  alumina tubes  weakened and permi t ted  g a s  leakage to  occur.  
Nitrogen-cooled s t a i n l e s s  s t e e l  window ho lde r s  were t h e r e f o r e  designed. 
Sapphire  windows were held i n  these by means of i n s i d e  th reads  and a r ing-  
shaped nu t .  Sea l ing  of the  windows i n  the  ho lde r s  was accomplished w i t h  a 
plat inum O-ring. To minimize any leakage through the  O-ring, p rov i s ions  
were made t o  balance the  p res su res  on both s i d e s  of the sapph i re  windows. 
This  w a s  accomplished by i n s t a l l i n g  a second window (NaC1) a t  t he  o t h e r  end 
of the  s t a i n l e s s  s teel  holders .  During ope ra t ion  a cont inuous flow of 
n i t r o g e n  a t  a p re s su re  equa l  t o  or a l i t t l e  less than the  carbon monoxide 
p r e s s u r e  is provided between the N a C l  windows and the  sapph i re  windows. 
S p e c t r a l  measurements were obta ined  w i t h  these ho lde r s  f o r  the 5 ,  10 
0 
and 20 c m  pa th  l e n g t h s  a t  the  1500 K temperature.  Upon completion of the  
t e s t i n g  a t  1500° K t he  temperature was  r a i s e d  t o  1800 
50° K h ighe r  than the s t a i n l e s s  steel  window ho lde r s  could t o l e r a t e ,  t h e  
end n u t s  began t o  m e l t .  However, i t  i s  be l ieved  t h a t  s l i g h t  redes ign  of 
t h e  i n n e r  ends of t h e s e  holders  (poss ib ly  inco rpora t ing  s h i e l d i n g )  w i l l  
make them ope ra t e  up t o  1800' K .  
0 
K. T h i s  was about 
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EXPERIMENTAL RESULTS 
The i n f r a r e d  abso rp t ion  of pure carbon monoxide i s  a f u n c t i o n  of the  
geometr ica l  p a t h  l e n g t h ,  g a s  p re s su re  and temperature .  The p a t h  l e n g t h s  
chosen f o r  t h i s  i n v e s t i g a t i o n  a r e  1, 5 ,  10 and 20 c m .  A t  h ighe r  temperatures  
the  1 c m  pa th  l e n g t h  was excluded s i n c e  l i t t l e  absorp t ion  was observed. Data 
were obtained a t  temperatures  300, 600, 900, 1200 and 1500° K and over  t h e  
p re s su re  range of 1/4 t o  3 atm. 
The d a t a  were obtained by s e t t i n g  the p a t h  l e n g t h ,  hea t ing  the  gas  sample 
t o  the r equ i r ed  temperature  and then recnrd ing  8:: abso rp t ion  spec t r im  f o r  
each p res su re .  The s p e c t r a l  a b s o r p t i v i t y  A was ca l cu la t ed  ( a s  descr ibed  w 
i n  Reference 11) f o r  a series of wave numbers. The r e s u l t i n g  s p e c t r a l  
absorp t ion  p r o f i l e s ,  a s  func t ion  of wave number, f o r  the  CO fundamental band 
a r e  shown i n  F igs .  3 t o  20. 
The i n t e g r a t e d  band a b s o r p t i v i t y  def ined  by 
n 
was determined by measuring the a rea  under the  absorp t ion  curve.  The 
i n t e g r a t e d  band a b s o r p t i v i t i e s  of t he  CO fundamental band a s  a f u n c t i o n  of 
p r e s s u r e  and p a t h  l e n g t h  f o r  each temperature  a r e  summarized i n  Tables  1-5. 
According t o  a n a l y t i c a l  s t u d i e s ,  t he  most e f f e c t i v e  abso rp t ion  band 
f o r  CO is  the  fundamental ( 4 . 6 7 ~ 1 ,  which corresponds t o  a v i b r a t i o n a l  quantum 
number t r a n s i t i o n  from 0 to  1. The only o t h e r  important  one is from 0 t o  2 
12 
( f i r s t  overtone)  which correspond t o  a wavelength of 2 . 3 5 ~ .  There w a s  a 
n o t i c a b l e  abso rp t ion  e f f e c t  i n  t h e  2 . 3 5 ~  r eg ion  f o r  the 20 cm cen t ime te r  
p a t h  l eng th  runs  a t  p r e s s u r e s  of 1, 2 and 3 a t m .  S p e c t r a l  band a b s o r p t i v i t i e s  
f o r  t h i s  pa th  l e n g t h  and a t  temperatures 300, 600, 900, 1200, 1500° K a r e  
shown i n  F igs .  21-25. The in tegra ted  band a b s o r p t i v i t y  def ined  by Eqn. (1) 
f o r  the f i r s t  overtone is summarized i n  Table 6 a s  a func t ion  of p re s su re  and 
temperature f o r  the 20 cm p a t h  l eng th .  
13 
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CORRELATION OF DATA 
A .  C o r r e l a t i o n  of S p e c t r a l  D a t a  
I n f r a r e d  r a d i a t i o n  from g a s e s  r e s u l t s  p r imar i ly  from t r a n s i t i o n s  i n  t h e  
v i b r a t i o n - r o t a t i o n  energy l e v e l s  of t he  molecules which possess  an e l e c t r i c  
moment ( e . g . ,  CO, C02, and H20). 
due t o  t h e  i n t e r a c t i o n  of v i b r a t i o n  and r o t a t i o n  a r e  s o  much smal le r  than 
those  of t h e  v i b r a t i o n a l  energy l e v e l s  t h a t  the  r o t a t i o n a l  l i n e s  i n  each  
v i b r a t i o n a l  band can only be  d is t inguished  by a h igh - re so lu t ion  spec t rometer .  
Separa t ions  of t he  r o t a t i o n a l  energy l e v e l s  
For r a d i a t i v e  t r a n s f e r  s t u d i e s  such d e t a i l e d  obse rva t ions  a r e  n o t  
p r a c t i c a l  and less s e n s i t i v e  spectrometers  can be employed. However, 
interpretat iu .n  of the measurements r e q u i r e s  the a p p l i c a t i o n  of an appropr i a t e  
model t o  s imula t e  t h e  f i n e  s t ruc tu re"  of the  s p e c t r a ,  i . e . ,  v i b r a t i o n a l  
bands c o n s i s t i n g  of c l o s e l y  spaced  r o t a t i o n a l  l i n e s  broadened p r imar i ly  by 
11 
molecular  c o l l i s i o n s .  These models spec i fy  t h e  band s t r u c t u r e  - i n t e n s i t y  
d i s t r i b u t i o n ,  l ine-spac ing  d i s t r i b u t i o n ,  and l ine-width  d i s t r i b u t i o n  - and 
y i e l d  r e l a t i o n s  between a b s o r p t i v i t y  and band parameters ,  i . e . ,  i n t e g r a t e d  
band i n t e n s i t y ,  average l ine-spac ing ,  and average l ine-width  (see Reference 2 ) .  
Two models have received gene ra l  r ecogn i t ion  -- t he  E l s a s s e r  and the  
s t a t i s t i c a l  [25-281. I n  the E l sas se r  model the s p e c t r a l  l i n e s  a r e  assumed 
t o  be i d e n t i c a l  and uniformly spaced. However, the s t a t i s t i c a l  model i s  
composed of randomly spaced s p e c t r a l  l i n e s  w i t h  a r b i t r a r y  i n t e n s i t y  d i s -  
t r i b u t i o n .  The two models y ie ld  the  same f u n c t i o n a l  form f o r  the s p e c t r a l  
abso rp t ion  when t h e  absorbing gas  is  o p t i c a l l y  t h i n  or there is complete 
14 
overlapping of t h e  s p e c t r a l  l i n e s .  This  is  the  s p e c i a l  case  of t h e  weak 
l i n e  approximation. I n  gene ra l ,  by comparing t h e  experimental  da t a  wi th  
the  t h e o r e t i c a l  va lues  pred ic ted  by these  band models, one can select  the  
model which g i v e s  t h e  b e s t  f i t  f o r  t he  d a t a ,  
I n  t h e  weak l i n e  approximation the  s p e c t r a l  abso rp t ion  is given  by 
A = l - e x p ( -  (2) 
u) d 
where S is the  mean l i n e  i n t e n s i t y ,  d the  mean l ine-spac ing ,  P the  p a r t i a l  
p r e s s u r e  of t he  absorbing g a s  and R the  geometr ic  pa th  l eng th  of t he  gas .  
P l a s s  [27,2%] has  shown t h a t  the cond i t ion  f o r  the weak l i n e  approximation 
t o  apply is 
Lu 
< 0 . 2  
2n ao pe 
u) 
where t h e  e f f e c t i v e  p r e s s u r e p  is g iven  by [19,29]:  
e 
P = DP + f Fi Pi e 
0 
w Here a 
g a s ,  D the se l f -broadening  cons tan t  a n d F  the broadening cons t an t  due 
t o  t h e  i t h  f o r e i g n  gas .  
is the  l i n e  half-width,  Pi the p a r t i a l  pa re s su re  of the  i t h  f o r e i g n  
i 
For  pure carbon monoxide,Pi = 0 and D = 1-02 ( D  f o r  CO gas  a t  a l l  
temperatures  is assumed t o  have t h e  same va lue  a s  t h a t  a t  room temperature) .  
A t  room temperature  t h e  maximum l i n e  i n t e n s i t y  [30] f o r  the carbon monoxide 
fundamental  band is 9 .17  cm a t m  . The half-width of r o t a t i o n a l  l i n e s  
a t  room temperature  [31] is 0.061 c m  /atm (self-broadened fundamental) e 
-2 -1 
-1 -1 
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A t  temperatures  h igher  than room temperature ,  t h e  maximum l i n e  i n t e n s i t y  
dec reases  mainly due t o  d e n s i t y  change and the  h a l f - l i n e  width v a r i e s  
i n v e r s e l y  wi th  the square  root  of temperature .  Then, c o r r e c t i n g  the va lues  
of the l i n e  s t r e n g t h  and half-width t o  the  temperatures  used i n  the  p r e s e n t  
experiment,  then Eqn. (3) i n d i c a t e s  t h a t ,  a t  temperatures  i n  t h e  range 300 
t o  1500 K and t o t a l  p re s su re  i n  the range 1/4 t o  3 a t m ,  f o r  a l l  l i n e s  wi th in  0 
t he  band system t o  be o p t i c a l l y  weak the  pa th  l eng th  R should be less than 
0 . 1  mm. This  is  w e l l  below the minimum d i s t a n c e  which could be provided 
* 
by the p r e s e n t  equipment. A s  a n t i c i p a t e d ,  i t  was found t h a t  t h e  s p e c t r a l  
abso rp t ion  da ta  f o r  t h e  m i n i m u m  p a t h  l eng th  of 1 cm. could no t  be c o r r e l a t e d  
by the weak l i n e  approximation. 
For s p e c t r a l  abso rp t ion  t o  be descr ibed  by the  s t r o n g  l i n e  approximation, 
t he  fo l lowing  cond i t ion  should hold [27,28]: 
> 1.63  (4) 
2 n  a; Pe 
where S P ,  R ,  a and P a r e  def ined  above. S ince  the  i n t e n s i t y  of s p e c t r a l  
l i n e s  i n  t h e  band wings decreases  asymptot ica l ly  t o  z e r o ,  then Eqn. (4) is  
w’  (u e 
n o t  s a t i s f i e d  f o r  each l i n e  i n  the band however l a r g e  L is. However, i n  
* I t  should be mentioned he re  t h a t  t h i s  cond i t ion  is probably much too  
s t r i n g e n t  when app l i ed  t o  the  whole band s i n c e  i t  i s  p o s s i b l e  f o r  
s e v e r a l  l i n e s  w i t h i n  t h e  band t o  become o p t i c a l l y  s t r o n g  wh i l e  t h e  
band a s  a whole i s  weak. 
16 
the temperature range used i n  t h e  p re sen t  s tudy ,  i t  is  customary t o  conf ine  
the  band t o  those  s p e c t r a l  l i n e s  whose i n t e n s i t y  is l a r g e  enough t o  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  the  band absorp t ion .  Therefore ,  i t  is  expected t h a t  
s p e c t r a l  abso rp t ion  f o r  longer pa th  l e n g t h s  would be governed by Eqn. (4) 
and t h e r e f o r e  could be co r re l a t ed  by the  s t r o n g  l i n e  approximation for most 
of t he  s p e c t r a l  l i n e s  i n  the band. 
Attempts t o  c o r r e l a t e  the s p e c t r a l  da ta  by t h e  s t r o n g  l i n e  i n  the 
s t a t i s t i c a l  model were no t  successfu l .  This  could be due t o  the  assumption 
of random d i s t r i b u t i o n  of t h e  s p e c t r a l  l i n e s  for carbon monoxide bands. 
This  l e d  t o  t h e  cons ide ra t ign  of the s t r o n g  l i n e  approximation i n  t h e  E l s a s s e r  
band model which y i e l d s  [27]: 
where 
2n a S P  cu c u a  , x  = 
d CD 2 acu B =  cu 
CX is t h e  ha l f - l i ne  w i d t h  co *. 
For pure carbon monoxide gas, Eqn. (5) t akes  the  form 
. 
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For each of the  s p e c t r a l  curves of the 10 and 20 cm pa th  l e n g t h  d a t a ,  
a 1/2 
,) w a s  ca l cu la t ed  by us ing  so P x Pa was determined,  then ( fi 7 e d 
Eqn. ( 6 ) .  The r e s u l t s  were p lo t t ed  a s  f u n c t i o n s  of wave number for each 
temperature .  F igu res  26-30 shows the  c a l c u l a t e d  d a t a  of the s t r o n g  l i n e  
parameter (+.A) d 
900, 1200 and 1500° K. 
a 1/2 
aga ins t  wave number f o r  temperatures  300, 600, 
A s  can be seen ,  good c o r r e l a t i o n  f o r  the  d a t a  w i t h  
a mean l i n e  is obta ined .  
B. C o r r e l a t i o n  of Band Absorption Data 
I n  g e n e r a l ,  the  c o r r e l a t i o n  of band abso rp t ion  depends on the s p e c t r a l  
c o r r e l a t i o n  of the c o n s t i t u t e n t  l i n e s .  However, the cond i t ion  requi red  on 
the  s t r e n g t h  of each  l i n e  i n  the band can be re laxed  i f  w e  cons ider  the  
s t r e n g t h  of t he  whole band. The reason f o r  t h i s  is  because f e w  l i n e s  i n  
the band can be weak and s t i l l  the band can be c o r r e l a t e d  by the  s t rong  l i n e  
approximation and v i c e  ve r sa .  An example of such a c a s e  is provided by 
the p r e s e n t  experimental  d a t a .  B a s e d  on t h e  prev ious  e s t ima tes  which a r e  
confirmed exper imenta l ly  for the  v a l i d i t y  of the s t r o n g  l i n e  approximation,  
s p e c t r a l  absorp t ion  f o r  the 1 cm d a t a  cannot be  c o r r e l a t e d  by the s t r o n g  
l i n e  approxima t i o n  i n  an apprec iab le  region of the carbon monoxide fundamental  
band. However, by p l o t t i n g  t h e  i n t e g r a t e d  abso rp t ion  for t h e  1, 5 ,  10 and 
20 c m  pa th  l e n g t h s  a g a i n s t  the s t r o n g  l i n e  o p t i c a l  v a r i a b l e  (E’ x Pi) , 
good c o r r e l a t i o n  w a s  obtained for a l l  pa th  l eng ths .  F igure  31 shows band 
abso rp t ion  a s  f u n c t i o n  of (P 
band a t  temperature 900 K. 
1/2 
e 
x Pl?)1’2 f o r  carbon monoxide fundamental 
e 
0 
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C .  Carbon Monoxide Emissivi ty  C a l c u l a t i o n  
The t o t a l  e m i s s i v i t y  of a gas  i n  thermodynamic equ i l ib r ium a t  a temperature  
T , having an o p t i c a l  depth  X = PR and an e f f e c t i v e  p r e s s u r e  p i s  given by: 
g e 
1 
where B is the monochromatic blackbody radiancy and A t he  s p e c t r a l  absorp t ion .  
Under the  condi t ions  used i n  the p r e s e n t  experiment ,  carbon monoxide h a s  
Lu Lu 
s i g n i f i c a n t  emission only wi th in  narrow reg ions  of the  r a d i a n t  energy spectrum 
s o  t h a t  the v a r i a t i o n  of B i s  smal l  a long each band. Hence, an average 
blackbody radiancy B evaluated a t  each band c e n t e r  can be used f o r  the  
e n t i r e  band, and Eqn. (7) can be w r i t t e n  a s :  
cu 
cup 
A i 
BLu 
.4 i 
where the  summation is extended t o  a l l  bands of t h e  g a s  which make s i g n i f i c a n t  
c o n t r i b u t i o n  t o  the  t o t a l  r a d i a t i o n .  A .  i s  the i n t e g r a t e d  band a b s o r p t i v i t y  
def ined  i n  Eqn. (1). 
1 
Eqn. (8) can be used t o  c a l c u l a t e  the emiss iv i ty  of carbon monoxide 
gas  from band abso rp t ion  da ta  g iven  i n  Tables  1-6. A r e p r e s e n t a t i v e  p l o t  
of t h e  e m i s s i v i t y  of carbon monoxide fundamental band, f o r  an o p t i c a l  depth  
10 cm-atm and t o t a l  p re s su re  1 atm a s  f u n c t i o n  of temperature  i s  shown i n  
F ig .  32. The f i r s t  overtone c o n t r i b u t i o n  t o  t h e  e m i s s i v i t y  is neglec ted  due 
t o  the  r e l a t i v e l y  small  e f f e c t i v e  p r e s s u r e  and o p t i c a l  depth cons idered .  
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DISCUSSION AND CONCLUSION 
The good c o r r e l a t i o n  obtained for the  10 and 20 c m  d a t a  by us ing  the  
E l s a s s e r  s t r o n g  l i n e  confirms the v a l i d i t y  of t h i s  model f o r  c o r r e l a t i n g  
da ta  of carbon monoxide i n  the temperature  range used i n  the  p r e s e n t  s tudy .  
A comparison between t h e  c o r r e l a t i o n  of the p r e s e n t  da t a  and the  experimental  
d a t a  obtained a t  room t e m p e r a t u r e  by Burch [16] and c o r r e l a t e d  by Oppenheim 
[29] shows gene ra l  agreement (see Fig .  26) .  Using these  c o r r e l a t i o n s ,  the 
s p e c t r a l  abso rp t ion  i n  the  s t rong  reg ion  can be determined f o r  any e f f e c t i v e  
p re s su re  and o p t i c a l  depth from Eqn. (5) .  Also ,  once the  s p e c t r a l  i n t e n s i t y  
i s  known from t h e o r e t i c a l  or experimental  s tudy ,  the r o t a t i o n a l  half-width 
CX can be determined a s  a func t ion  of temperature from F igs .  26-30. This  
makes i t  p o s s i b l e  t o  e s t i m a t e  the s p e c t r a l  absorp t ion  a t  reasonably h ighe r  
tempera t u r e s  than those  used i n  t h e  p r e s e n t  s tudy .  
0 
The c o r r e l a t i o n  of t he  in t eg ra t ed  band absorp t ion  a s  a f u n c t i o n  of t he  
o p t i c a l  s t r o n g  parameter CP x Pa) 'I2 (shown i n  F ig .  31) s e r v e s  two purposes.  
F i r s t l y ,  a v a r i a t i o n  of the in t eg ra t ed  absorp t ion  w i t h  r e s p e c t  t o  the  o p t i c a l  
s t r o n g  parameter  can be obtained by averaging over  experimental  da ta  a t  
var ious  cond i t ions .  Theref ore,  i n  us ing  t h i s  mean i n t e g r a t e d  absorp t ion  
o t h e r  than the  t abu la t ed  values ,  t he  e r r o r  which may be involved i n  measuring 
temperature ,  pressure and p a t h  l e n g t h  i n  each ind iv idua l  va lue  i s  minimized. 
I t  a l s o  i n d i c a t e s  t he  in tegra ted  band absorp t ion  f o r  any p a t h  l e n g t h  and 
p r e s s u r e  o t h e r  than those used i n  t h e  p r e s e n t  s tudy .  
e 
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With r e fe rence  t o  F ig .  32,  the e m i s s i v i t y  va lues  ca l cu la t ed  from the 
p r e s e n t  experimental  d a t a  a r e  in good agreement w i t h  those c a l c u l a t e d  from 
Oppenheim's t o t a l  abso rp t ion  measurements [22].  General  agreement i s  a l s o  
obtained w i t h  L e e ' s  da t a  [24] and P e n n e r ' s  t h e o r e t i c a l  r e s u l t s  [ 2 ] ,  whi le  
U l l r i c h ' s  da ta  [23] a r e  considerably h ighe r .  For  f i n a l  judgment, comparison 
of e m i s s i v i t i e s  should be made i n  a wider range of p re s su res  and o p t i c a l  
depths  . 
21 
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FIG. 4 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 300°K 
AND AT PATH LENGTH 5 CM. 
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FIG. 5 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 3 0 0 ° K  
AND AT PATH LENGTH IO CM. 
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FIG. 6 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 300°K 
AND AT PATH LENGTH 20 CM. 
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FIG. 7 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 600°K 
AND AT PATH LENGTH I CM. 
I .o 
0.E 
> 
I- - > c 0.E 
b cr 
0 
v, 
m 
Q 
0.4 
0.2 
CO FUNDAMENTAL 
600 O K  
PATH LENGTH 5 CM 
0 
FIG. 8 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 600°K 
AND AT PATH LENGTH 5 CM 
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FIG. IO SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 600°K 
AND PATH LENGTH 20 CM. 
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FIG. I I SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 9 0 0 O K  
AND AT PATH LENGTH I CM. 
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FIG. I2 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 9 0 0 O K  
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FIG. I3 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 900% 
AND AT PATH LENGTH 10 CM. 
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BAND OF CO GAS AT TEMPERATURE 900 O K  
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FIG. 15 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 1200°K 
AND AT PATH LENGTH 5 CM. 
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FIG. 16 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO G A S  AT TEMPERATURE 1200OK 
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FIG. 17 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 1200°K 
AND AT PATH LENGTH 2 0  CM 
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FIG. 18 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
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1.c 
O.€ 
I 
. 0.4 
0.2 
I 
0 
C O  FUNDAMENTAL 
1500°K 
PATH LENGTH I O  CM 
WAVE NUMBER,  CM-' 
FIG. 19 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO G A S  AT TEMPERATURE 1500°K 
AND AT PATH LENGTH I O  CM 
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FIG. 20 SPECTRAL ABSORPTIVITY OF FUNDAMENTAL 
BAND OF CO GAS AT TEMPERATURE 1500°K 
AND AT PATH LENGTH 20 CM. 
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FIG. 23 SPECTRAL ABSORPTIVITY OF FIRST OVERTONE 
BAND OF CO GAS AT TEMPERATURE 9 0 0 O K  
AND AT PATH LENGTH 20 CM. 
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